ABSTRACT: Dietary flax oil (FO) retards disease progression in growing or adult animal models of kidney disease. To determine whether dietary flax oil during the perinatal period would alter renal disease progression in offspring, Han-SPRD-cy rats with inherited cystic kidney disease were given diets with either 7% FO or corn oil (CO), throughout pregnancy and lactation. At 3 wk of age, offspring were then given either the same or the alternate diet for 7 wk. Rats given FO during the maternal period had 15% less renal cyst growth compared with rats given FO only in the postweaning period. Dietary FO, compared with CO, in the maternal period also resulted in 12% lower cell proliferation and 15% less oxidant injury in diseased kidneys of offspring. Including FO in both the maternal and postweaning period resulted in 29 -34% less renal interstitial fibrosis and 22-23% lower glomerular hypertrophy. Along with improved histology, these rats exhibited 13% less proteinuria and 30% lower creatinine clearance when dietary FO was given in the maternal period. The potential for dietary FO during pregnancy and lactation to positively modulate adult renal disease has significant implications for the 1 in 1000 individuals with congenital cystic kidney disease. 
C hronic kidney disease is a gradual irreversible loss of kidney function which usually leads to end-stage renal disease and the need for expensive renal replacement therapies. Its increasing prevalence (Ͼ50% rise in 10 y in the U.S and a 19% rise in 5 y in Canada) (1, 2) and staggering healthcare costs warrant further inquiry into treatment options that slow or prevent its progression. Dietary interventions such as altering dietary fat sources slow the progression of chronic renal disease. Dietary n-3 fatty acids from fish and flax sources have been shown to be reno-protective, particularly in renal injury that has an immune and/or inflammatory component (3) (4) (5) (6) (7) . These protective effects of n-3 fatty acids on renal disease progression in humans or animal models have been demonstrated in adult or weanling animals.
The fetal programming hypothesis suggests that the first environment, the intrauterine, also influences the risk of chronic diseases in adult life (8) . For example, higher maternal saturated fat intake has been linked to hyperinsulinemic, hyperglycemic, pro-atherogenic and hypertensive phenotypes in offspring (9 -11) , while a study with high maternal n-3 fatty acids intake failed to show such deleterious fetal programming effects (12) . Impaired fetal nephrogenesis and reduced nephron number can result from maternal malnutrition and are associated with adult hypertension in humans (13) as well as experimental models of developmental programming (14 -16) . These reports indicate that renal organogenesis is susceptible to changes in the fetal environment which can modulate development of chronic diseases later in life.
The Han:SPRD-cy rat is an established model of autosomal dominant polycystic kidney disease (PKD) in which heterozygotes develop progressive cystic expansion, renal interstitial fibrosis, inflammation and oxidative damage, as well as hypertension and uremia in adult life (17) . Dietary flax (rich in n-3 fatty acids) reduces renal interstitial fibrosis, cystic growth and renal macrophage infiltration in this model of hereditary kidney disease when given in the postweaning period of life (7, 18) . The aim of the current study was to determine whether flax oil supplementation during pregnancy and lactation would slow the progression of renal disease in offspring of Han: SPRD-cy rats. To further delineate the effects of maternal dietary flax oil supplementation on renal injury, a group of animals that were given flax oil during both the maternal and postweaning periods as well as a group of animals that were fed flax oil only in the postweaning period were included.
METHODS

Animals.
All animal procedures were approved by the University of Manitoba Committee on Animal Care and were in accordance with the guidelines of the Canadian Council on Animal Care. Breeder Han:SPRD-cy rats (also known as PKD/Mhm(cy/ϩ) rats) were derived from our breeding colony, which originated from the colony of Dr. Benjamin Cowley, University of Kansas Medical Center, Kansas City (17) . They were randomly assigned to either a flax oil diet (FO, 7% oil, rich in 18:3n-3) or a corn oil control diet (CO, 7% oil, rich in linoleic acid, 18:2n-6) two weeks before mating and throughout pregnancy and lactation. Male offspring from both groups were weaned at three weeks of age and were given either the same maternal diet or the alternate diet for another seven weeks. Diet ingredients, with the exception of flax oil, were purchased from Dyets Inc. (Bethlehem, PA) or Harlan Teklad (Madison, WI). Flax oil (FO) was a generous gift from Bioriginal Food and Science Corporation (Saskatoon, SK). Diets were based on the AIN93G guidelines for rodent diets for optimal growth and adequate nutrition (19, 20) . Hence the diets were identical (including calorie, carbohydrate, protein, mineral and vitamin content) except for the fat source.
Rats were weighed weekly and placed in metabolic cages for urine collection a week before termination. At the end of the feeding period, rats were anesthetized with CO 2 overexposure, decapitated and trunk blood was collected to obtain serum. Left kidneys were removed and weighed. The left kidney was sectioned in half longitudinally across the hilum, and one-half of wet kidney tissue was fixed in 10% buffered formalin for morphologic and histologic analyses.
Renal biochemistry. Serum urea was determined spectrophotometrically using reagents from Sigma Chemical Co. kit 640-A (Sigma Chemical Co., MO). Serum creatinine and urinary creatinine were measured using a method developed by Heingard and Tiderstrom and adapted for a micro-assay procedure using 96-well plates. Urinary protein was measured using the Bradford method for total protein.
Histology and immunohistochemistry. The formalin-fixed left kidney was embedded in paraffin, sectioned at 5 m and was processed using our previously described methods for histologic and immunohistochemical analyses (7, 19) . Transverse tissue sections (including cortex, medulla and papilla) were stained with hematoxylin and eosin for cyst area measurement and those for quantitative analysis of fibrosis with Sirius red (in adaptation of Masson's trichrome stain) which permits image analysis measurement using a standard incandescent microscope light source. Renal cell proliferation was assessed using a 1:50 dilution of an anti-mouse proliferating cell nuclear antigen (PCNA) antibody (M0879, Dako Corporation, Carpinteria, CA). Renal inflammation and oxidant injury were detected using 1:50 dilutions of a mouse anti-rat monocytes/macrophages MAb (MAB 1435, Chemicon International, Temecula, CA) and a rabbit anti-Cu 2ϩ-oxidized LDL polyclonal antibody (AB3230, Chemicon International, Temecula, CA), respectively. The Dako EnVision Plus system (K4008, Dako Corporation, Carpinteria, CA) was used for secondary detection. Animals were classified as affected by an experienced, blinded observer (NBC) on the basis of cyst growth and pathology that is characteristic of the disease.
Image analysis. After being captured using a SPOT junior CCD camera by random stage movement through the sections, images were analyzed using the Image Pro version 4.5 package (Media Cybernetics, Silver Spring, MD) as described previously (7, 19 ). An average of 25 measurements starting from a random field of tissue section from kidney cross-sections were collected for all histomorphometric analyses. All measurements were carried out in a blinded fashion. The portion of tissue section occupied by tubular lumen or cyst was determined for cyst area measurements. Renal interstitial fibrosis and oxidant injury were measured by densitometry, while the number of cells stained positive for PCNA as well as macrophages were counted using the Image Pro version 4.5 package (Media Cybernetics, Silver Spring, MD) as described previously (7, 19) . Renal cyst area measurements were expressed relative to kidney weight-to-body weight ratios. PCNA positive cells in tubular epithelial cells were counted as these are the base cell type of cysts. Measurements of fibrosis, oxidized LDL and other cellular markers were corrected to solid tissue areas of sections to avoid underestimation of these variables due to empty cystic areas in these sections.
Using standard sterological techniques developed by Weibel (21) , mean glomerular volume (MGV) was determined by measuring glomerular diameters of 30 randomly chosen glomeruli per kidney by light microscopy using hematoxylin and eosin stained sections. Using the aforementioned imaging system and a 20ϫ calibration grid, the maximum diameter of each glomerulus was measured and converted to an estimate of glomerular volume using the following formula: mean glomerular area (MGA) was calculated as MGA ϭ r 2 . MGV was calculated as MGV ϭ 1.25(MGA) 3/2 . The value of 1.25 is derived from ␤/K, which are coefficients based on assumptions made for the maximum diameter of spheres (␤ ϭ 1.38) and the distribution bias of section location (K ϭ 1.10) (22) .
Statistical analyses. Data were analyzed using a general linear model ANOVA followed by post hoc t-tests when interactions were present, using SAS software (SAS, Cary, NC). Normality of the data were tested using a plot of actual versus predicted residuals and the Shapiro-Wilk's W statistic on the residuals. Data were normalized by logarithmic transformation if necessary. Post hoc t-tests were performed only if the main or interaction effects were significant at p Ͻ 0.05 or p Ͻ 0.1, respectively.
RESULTS
During the study period, all animals thrived on the diets. The diets given during the maternal period did not affect either body weights at weaning (pups given CO ϭ 55.5g Ϯ 1.1g and pups given FO ϭ 56.7g Ϯ 1.1g) or litter size (mean litter size ϭ 8.3 Ϯ 0.7 for female breeders given CO and FO).
Dietary FO compared with CO in the maternal period improved renal histology and function in diseased offspring. The primary defect in Han:SPRD-cy rats is the growth and development of renal cysts that disrupt normal renal architecture, eventually causing structural damage leading to pathology. Dietary FO in the maternal period, alone or in combination with FO in the postweaning period, resulted in 15-28% less in cyst growth when compared with rats given FO only in the postweaning period (Fig. 1) . Less cyst growth resulted in smaller kidneys in these rats, whether expressed as unadjusted weights, relative to body weight (Table 1 ) or relative to liver weight (data not shown), thus supporting the cyst expansion data. This data indicates that the dietary FO in the maternal period had disease mitigating effects on the primary defect in this model of kidney disease.
Dietary FO in the maternal period also resulted in 14% fewer PCNA positive cells, reflecting less cell proliferation (Fig. 2) . This protective effect of dietary FO in the maternal period was as effective as dietary FO in the postweaning period. When FO was given in both time periods, no further benefit on cell proliferation was observed. A similar pattern was observed for oxidant injury (Fig. 3) . Dietary FO in the maternal and postweaning periods independently resulted in less staining for oxidized LDL (33% and 45% less, respectively, compared with rats given CO in both feeding periods). Combining the dietary FO treatments in both feeding periods did not enhance the effect of FO in the postweaning period alone. Renal inflammation was not significantly altered by dietary FO in the maternal period, but was 21% lower with FO in the postweaning period (Fig. 4) .
With respect to renal function, diseased rats compared with normal rats had worsened renal function as indicated by blood and urine parameters (Table 1) . Concurrent with its beneficial effects on histology, dietary FO given during the maternal period resulted in less proteinuria (p ϭ 0.0125) and lower creatinine clearance (p ϭ 0.0001). This reduction in creatinine clearance was associated with higher levels of serum urea (p ϭ 0.0039) and creatinine (p ϭ 0.0307).
To further probe glomerular and interstitial changes associated with reduced proteinuria in rats given FO during the maternal period, an examination of mean glomerular volumes and renal interstitial fibrosis was undertaken. Glomerular hypertrophy (Fig. 5 ) and renal interstitial fibrosis (Fig. 6) and were altered by dietary FO when given in the maternal period. However, to manifest this effect, dietary FO also had to be included in the postweaning period. When dietary FO was given in both feeding periods, glomerular hypertrophy was lower by 22-23% (Fig. 5) and interstitial fibrosis was 19 -30% less (Fig. 6 ), compared with any treatment that included dietary CO in either feeding period.
Table 1. Kidney weights, serum and urine biochemistry in diseased (cy/ϩ) and normal (ϩ/ϩ) Han:SPRD-cy rats given dietary FO and CO in the maternal and/or post-weaning periods
DISCUSSION
This study demonstrates that dietary supplementation with FO initiated during pregnancy and lactation reduces histologic renal injury in offspring of Han:SPRD-cy rats. Dietary FO given in the maternal period alleviated increases in cyst expansion, kidney size, renal cell proliferation, oxidant damage, interstitial fibrosis, glomerular hypertrophy and proteinuria. The concept that the events encountered in fetal life can have life-long consequences and affect adult health is rapidly gaining acceptance. There is growing evidence that maternal nutritional status can alter the state of the fetal genome and program gene expression in normal embryonic kidney development (16) . The current study further extends the above observations that maternal nutrition also can have long term effects on the postnatal kidney afflicted by a hereditary disease. Autosomal dominant PKD is a developmental disorder, affecting 1:400 to 1:1000 people and, is the most common genetic cause of renal failure in humans (23) . Localization of the PKD1 and PKD2 genes has made it possible to use genetic markers to determine the status of asymptomatic individuals from families with a history of PKD, even as early as prenatally (23) . This ability for early identification of PKD allows for subsequent preventative therapy such as dietary intervention during the maternal period as demonstrated in the current study.
The beneficial effects of flax oil given maternally are consistent with previous studies that reported amelioration of renal injury when flax oil intervention was introduced in the adult or postweaning stages (6, 7, 19) . In cystic kidney diseases, recent evidence suggests that cyst expansion precedes the changes in function and is associated with the initiation of inflammation, fibrosis and other secondary changes (24) . Thus, therapeutic interventions that reduce the rate of cystic growth will ameliorate development of late-onset renal insufficiency (24) . Dietary FO in the maternal period not only reduced cyst expansion and kidney size in diseased rat offspring but also resulted in improvements in other histologic parameters and function (proteinuria). Proteinuria is not only a marker of compromised kidney function, but it also is a key indicator of prognosis and therapy of chronic renal injury (25) .
Although the reduction in creatinine clearance may appear to be contradictory to the observed benefits on cyst expansion and renal histology, a decrease in GFR is not always associated with worsening of disease. In the Modification of Diet in Renal Disease study, low protein diets had seemingly contrasting short-and long-term effects on GFR. In this study, adults with moderate renal injury in the low compared with normal protein diet group had an initial faster mean decline in GFR but a slower mean decline in GFR thereafter (26) . This initial decrease in GFR followed by long-term reduction in disease progression by dietary protein restriction also has been demonstrated in an animal model (27) . Thus, it is possible that an initial short-term reduction in creatinine clearance with dietary FO in the maternal period is followed by a slower decline in GFR in the long term. We speculate that resistance to glomerular hypertrophy is linked to the reduced proteinuria we have observed; in turn the lower proteinuria may explain the reduced interstitial fibrosis we have demonstrated in animals given dietary FO. A longer-term study that examines the effects of dietary FO in the maternal period on GFR and the ultimate outcome of renal disease is needed to definitively address this issue.
Glomerular hypertrophy and other glomerular abnormalities have been reported in human PKD kidneys (28) as well as in 6-mo-old cystic rat kidneys (29) . The glomerulus is often ignored in PKD, probably because the tubular cystic changes are more dramatic. However, although glomerular changes occur later in the disease process, these changes are important since it is the failure of glomerular filtration that eventually leads to end stage renal failure. The current study is the first to demonstrate a dietary effect on mean glomerular volume in cystic kidney disease, demonstrating the potential for dietary interventions during the maternal period to counter the glomerular abnormalities in this disorder.
Dietary supplementation of flaxseed or FO in rat dams increases 18:3n-3 (␣-linolenic acid) and reduces 20:4n-6 (arachidonic acid) in the milk as well as in the tissues of offspring (30, 31) confirming that there is both placental and milk transfer of these fatty acids. The high ␣-linolenic acid content in FO may contribute to the reno-protective effects observed in the current study. FO compared with CO supplementation in Han:SPRD-cy rat and pcy mouse models of cystic kidney disease leads to an enrichment of renal ␣-linolenic acid and 20:5n-3 (eicosapentaenoic acid), and a reduction of linoleic acid (18:2n-6) and arachidonic acid (7, 19 ). These studies demonstrate that ␣-linolenic acid is converted to longer chain n-3 fatty acids, and inhibits conversion of linoleic acid to arachidonic acid. Since arachidonic acid and eicosapentaenoic acid compete for the same metabolic enzymes, supplementing the diet with n-3 fatty acids may cause a shift in eicosanoid production, with eicosapentaenoic acid competitively inhibiting the metabolism of arachidonic acid to the more detrimental 2 series eicosanoids (32) . Not only is the rate of conversion of eicosapentaenoic acid to thromboxane A 3 lower than that of arachidonic acid to thromboxane A 2 (33) , but the vasoconstrictor potency of thromboxane A 3 is also significantly lower than that of its 2 series counterpart (34) . N-3 fatty acid enrichment with FO also has been associated with antiproliferative effects in renal injury in weanling Han:SPRD-cy rats (7) as well as in cancer models (35) (36) (37) . These reported anti-proliferative effects are similar to those observed in the current study, suggesting that altered eicosanoid production during the maternal period could attenuate the increased cell proliferation observed in diseased kidneys.
Autosomal dominant PKD is a slowly progressing chronic kidney disease that begins in utero (23) . The results from the present study demonstrate that initiating dietary interventions in utero can reduce the progression of this genetically determined kidney disease. The findings may be relevant to other juvenile genetic/inherited cystic renal diseases such as autosomal recessive PKD and juvenile nephronophthisis as well as other renal disorders with a genetic basis such as IgA nephropathy, Alport syndrome and congenital nephrotic syndrome.
